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PULSED HYDROJET PROPULSION

I. O. Bohachevsky and M. D. 7orrey

Los Alamos National Laboratory
Los Aldmos, New Mexico 87545

ABSTRACT

The pulsed hydrojet is a device In which the w~ter ingested from

the free stream is dccelerdted out of the exhaust pipe to produce

thrust. In this report we describe dnd dndlyze a way of acceler~ting

the stream of water with pockets of high pressure steam and gas

generated inside the stre~m by an exotherml reaction of suitable

propellant injected and dispersed in lhe water. The veloclty

increment that must be impdrted to th~’wdter to produce d substantial

thrust need not be very large becduse the density of the water is

comparable to the average density of the accelerated body. Results

the numerical modeling of the proposed jet deceleration mechdnism

Indicate thdt the hydrojet propulsion device is potentially cap~ble

propelling underwater projectiles dt speeds three to five times

qredter th~n those currently attainable. Several promising

dpplicdtions of the hydrojet thruster dre discussed and ev~lu~tecl.

of

of
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PULSED HYDROJE7PROPULSION

1. 0. 6ohachevsky and M. D. Torrey

Los Alamos National Laboratory

Los Alamos, New Mexico 87545

1. INTRODUCTION..—

In this report we describe and analyze dmthod of propelling

underwater projectiles dt speeds three to five times greater thdn those

dttdindb!e with present propulsion systems. Such d high thrust

propulsion system will h~~e many applications dnd will satisfy many

needs when developed successfully. We discuss three duplications in

some detdi~: (1) acceleration of sm~ll (10 cm did, 100 cm long),

mdssive (50 kg) underw~ter projectiles to velocities at which they dct

as kinetic energy penetrators; (2) proplllsinn of small subtorpedoes

(cdrried on d Standdrd torpedo employed ds a bus) that may be used to

deploy underwater anti-torpedo nets; dnd (3) provision of supplementary

thrust to increase (double) the dcce~erdtion of present Submdrine+!ze

vessels dnd/or provide Cdpdbflity for substsntldl]y higher (50::)speed

during short time intervdls (~everdl minut?s).

(he wdy to concentrate high thrust in d small]Cross-sectiondl ~red

is to ingest Wdt,er from the free stredm, acce]erdte it to d high

velocity, and to ●xpel the resulting w~ter jet to the re~r. fhe

velocily increment thdt mu!,t be impdrted to the Walter to produce high

thrust need not be very ldrge (a fdctor of 1.5 to 2.0) becduse the

density of the wdter is comparable t.~the dverdge density of the

dccelerdted body. In th? propulsion ~oncept proposed In this pdpPr the

dcu?ler~t.ion is dccompl!%hed by generdtlng poclwts of high pressur~

stedm and ga$ inslflethe wdter jet; Lhis incre~s~s the dverdge speclflc

volume ~nd r?quires a higher dverdqe velo~l y to mdlntdln m~ss

Conservdt.ion. The po~k~i.s of st~dm mi g~~ drc ohtdined from the

exotherml~ red~Lion of d propel ]dnt (~lk~ll mel~l in generdl, I{thium in
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partlcular) with water. The propellant must be Injected with dispersion

that Is su$ficlently low to ensure that the reaction goes to cmpletlon

In the required ttme Interval but also sufficiently high to ensure local

generation of high pressure stedm dnd not global hedting of the ya r.

The modellng and opt~m?zatlon of the Injection ~nd dispersion
~$!~:’.~:.i[:b...uf

are subjects of a complementary study. Prelimin~ry analysis of these

processes did not uncover any funhmentd! reasons that would preclude

the possibility of achieving the necessary energy deposition intensity.

The use of an dlkdli Inetdl ds the propellant hds several

ddvdntdgds. First dnd foremost is the high energy density: the

redction of lithium with water liberdtes 31 kJ of heat per gram of Li as

compared to only approximately 10 kJ per gram of alcohol-oxygen

mixture. This is pdrtly a consequence of using free water ds one of the

reactants. Another consequence of the exploitation of free wdter is the

siwlicity of the concept: it requires neither storage dnd carburation

of the oxidizer nor an ignition system because the redction Li+H20

occurs 5pOntdneOusly dt dny temperature of interest. Therefore the

engineering embodiment of the concept will contain very few moving pdrts.

The use Of metdl dllOyS as fuels fOr underwater propulsion, in

generdl, dnd of alk~li metdls, in pdrtlculdr, hds been ffiVt!Stfgdbd

( 102) The prfftCfpdl dim Of thesepreviously to d significant extent.

studfes wds the development of high performance redctmts tbdt would

generdte superheated stedm which could-be expdnded Ihrough d OeLaval

nozzle to generdte thrust. The use of gds pockets to decelerate water

jets dnd thus generdte thrust hds been tried d]so; however, the ds wds

generdted dnd compressed in stdnddrd combustors dnd compre~sor:..!)3,4

Ue ccunhine the two dbOVe dpprodches into d concept in which the

pockets of stedm and gds dre gent?rdted inside th~ wdter jet to he

dccelerdted in consequence of direct dnd controlled injectian of an

dlkdli IIK!tdlfuel. we rltffer from previous studle:.also in the intended

dppl!cdt!orls of the hydrojet thruster. We propose to use it mdinly for

short durdtfon sprints and therehy ellev!dte mdteridls, vibration, and

guidance problems thdt may be encountered.
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This report contains the initi~l results of intended

numerical studies of all aspects of the proposed concept

associated reacting flows. The results of this modeling

extensive

and of the

will provide

the information necessary for the pldnning of the experiments thdt would

vaiidate the concept. bleexpect that currently available numerical

modeling capabilities will significantly reduce the uncertainties

connected with the experiment~l investigations of two-phase reacting

flows.

The presentation is org~nized ~s follows: In Sec. 11 we describe

the concept and formuldte the initidl-bounddry value problem for its

modeling, in Sec. 111 we summrize very briefly the numerical code useti

to solve the governing system of equdtions ~nd present the result~, and

in Sec. IV we describe several ef7viSdgCd ~pplications of the propulsion

device. ‘-;

~ In conclusion we outline the ~u~rent dnd future re~e~rch

req~irements in this dred.

II. THE CONCEPT AND THE M09EL— — — .-— - - —. -—. - -—

He now sketch schem.dtically the configuration of the hydrojet

propulsion device and formuldte the initial-bounddry vdlue prob!em th~t

model~ tts operdtion. The thruster is a hollow cylinder divided by a

bl’lkhedd iTIt.OtWO pdrtS. The forwdrd pdrt conteins the propeildnt dftd

its injection mochdnism dnd the aft pdrt is the redction chdmber with

the wdter inlel ports dnd the eXhd~lSt pipe. The configuration is shown

$chemdt.icdlIy in Fig. I with the wdter inlet scoops closed to dCCOfTWTIOddte

possible ldunch tube constraints dnd open for normdl Operdtion. The

presence of th~ fldpper vdlves is symbolic; in an engineering

redlizdtion of the device olher types of vdlves, more Suitdble for hedvy

duty, mdy halve to be used.

During operations dt hign speeds (exceeding 50 to 100 m/s) the flow

will cdvltate dt the nose of the projectile ~nd the cavity mdy not close

upstredm of the inlet scoops. This must be tdken into dccount in the

Idyout of the high speed projectile cmfiqurdtion~.
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The propellant Is injected and dispersed when the reaction chamber

is filled wlthw~ter. The ensuing ChW’iiCdl redction generates high

pressure steam and the water Inlet valves dre closed either by that

pressure or mechanically. After the wdter Is expelled from the reaction

chanber through the exhaust pipe, the inlet valves are opened either by

the dyndmic pressure of the free stredm or by a control mchdnism and

the cycle is repeated. The pulse frequency mdy be controlled by the

rate a! which the reaction chamber is filled with water provided the

chemical reaction rate can be made sufficiently high with ~ppropr’ate

propellant dispersion. The proposed thruster is Cdpdble of dedd start

because of the relative high density and incompressibility of water; in

this respect it is better than pulse- and ram-jets operating in the air.

Ue present the results of two CdlCUlatfOfIS that illustrate the

numerical modeling of the hydrojet operation. One is for a small (lOcm

dfd) projectile it?which the propellant redction zone may extend over

the entire cross-sectiondl are~. Severdl such projectiles may be

cdrried on one Stdnddrd torpedo dnd employed as kinetic energy

penetrators (containing explosive chdrges for subsequent attack on the

inner hull of double-hull vessels) or to deploy torpedo intercept nets

as shown Schematically in Fig. 2. The second computation presented is

for a ldrge (50 cm did) thruster in which the redction zone does not

extend to the wall of the cylinder. Such configuration alleviates the

mdteridls problems; it mdy be used as d primdry or dtixilidrypropulsion

system (for the termin~l ddsh to the t?rget) on slandard torpedoes or in

a bdttery of auxili.dry propulsion units intended to Incredse the

deceleration and speed of submdrine-size vessels during short sprints.

The cylindrical computational region is illustrated in Fig. 3 where

the propulsion device occupies the upper left hdnd corner. The water

irlet bound~ry is on the left hdnd ~ide; the inlet dred ~i is

specified to be dn drbitrdry frdction of the tot.dlnumber of

computdtiondl cells contdined in the rdius. The mdxlmum inlet,veloclty

Is prescribed for edch run. Along the rigid cyl!ndricdl bound~rief the

flow is tdngelltidl. On the right hdnd th(’jet exhdusts into a large

CylffIdriCdl tdnk; on Its downstre~m end lhe pressure is m~intained at d
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prescribed value. The tank is necessary to make the numerical problem

well posed; because large pockets of steam and water emerge alternately

from the exhaust pipe, the bound~ry condition there Is unsteady and

unknown a priori. The presence of the tank also makes it possible to

determine the interaction of the eXhd’lSt jet wiLh the free stream.

TbQ computation proceeds as follows. Initially, the pressure,

temperature, and velocity everywhere are set.equal to the prescribed

values, usually the free stream conditions, and the water inlet are~ is

closed. At t = O Lhe energy is added to the water in the shdded region

at ~ specified rate (1 to 50 kJ/cm3/s). When most (957:)of the water

is converted into steam the energy deposition is terminated, the inflow

botinddry is opened, the inflow velocity is built up g:-adually (51ito 102

per time step) to its mdximum value and maintained constant until the

energy deposition region is refilled with water. At that time the

inflow bounddry is closed and the energy deposition is reiniti~ted to

start the next cycle.

Clearly, this comput.ation~l procedure does not model the effects of

convection during the time of the Chemicdl reaction, i.e., it assumes

that the reaction occurs instantaneously. The determination of the

actual reaction rate and its coupling to the flow are subjects of a

separdte study; the results will be incorporated into the hydrodynamic

modeling when they become available.

The comput~tion in which tile

dre equal models the Steddy-Stdte

trdnSient behdvior correctly requ

nitial md the free stredm velocities

operation of the device. To model the

res integration of Newton’s first law,

F = Md, in whi~h the force F is the difference between the thrust, T,

dnd the dr~g, D. Becduse the drag is proportional to it” square of the

velocity (approximately), this equdtion is nonlinear dnd mu~~ be

integrated numerically together with the equdtions thdt yovern the

performance of the thruster. We halvenot done th~t yt . however, an

dpproximdle analysis of the transient performance wii.h the a~sumption of

d constant thrust will be described in a ldter section.
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1110 NUMERICAL RESULTS

The transient, two-dimensional (axisymnetric), two-phase flow

associated with the pulsed hydrojet propulsion described in the previous

section is determined with the computer code K-FIX(5) that wa.t

developed at LANL for nuclear reactor safety studies. The code

numerically integrates the equations expressing the conservation of

mass, momentum, and energy for the two phases; these eiaht equations are

coupled through the eXChdf)ge of mass, momentum, and energy. The

differential equations are approximated with finite difference equations

on an Eulerian grid; the approximations couple implicitly the rate cf

phase transition, momentum, and energy with pressure, density, and

velocity fields. The explicit solution is obt~ined by iter~tions

without linearization. The equdt.ion of state and the phdse transition

rdtes are approximated with analytic expressions.

In its origindl form the K-FIX code did not admit energy dddition to

the flow. A subroutine accomplishing this hds been added for the

purpose of the present study.

We present two results to illustrate qualitatively the nature of the

flow associated with the hydrojet propulsion. Figure 4 is a plot of the

contours of constant void fr~ctian for the flow inside and ~ft of a

50-cm-diam thruster in which the chemical reaction region does not

extend to the cylinder wall. High .void frdction corresponds to steam

pockets, therefore Fig. 4 shows the flow field after the third energy

addition cycle has been completed.

Of course, the details of the flow inside the thruster can be

modeled with computations that do not include the dump tank provided

they dre not extended be~ond the time when the first steam pocket

redches the end of the eXhdust pipe. In thdt cdse the computiitions

require much less computer time and memory, therefore they should be

utilized whenever possible. A representative result of d short durdtion

modeling is shown in Fig. 5.
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ln the present studyof primmy interest dre the impulse and the

average sustdined thrust developed by the propulsion device. These

quantities are calculated from the histogram of the instantaneous thrust

which is the difference of the total momentum flux out of and into the

device. The tot~l momentum flux is obtained by integrating the local

flux over the cross-sectional area.

The instantaneous thrust generated by the 10-cm-diam device is shown

in Fig. 6; it is negative when the inlet ports are open indicating that

more momentdm flows into the device than out of it. One of the

objectives of future parametric studies should be the se~rch for ways to

r~duce the are~ between the negative 100ps and the zero thrust line.

The instantaneous thrust appedrs to vdry somewhat irregularly because of

the very high intensity of the energy deposition rate. In this

calculation the intenrity of the energy source was equal to 44.2

kJ/cm3/s and energy deposition region extended over 226.2 cm3. When

the energy source intensity is reduced to a value below 10 kJ/cm3/s

the pulses become quite reproducible.

As mentioned previously, the energy source is turned on and off by a

representative value of the void frdction in the energy deposition

region, therefore the calculation of the total thermdl energy input

requires d summation subroutine which we have not yet implemented. The

plot in Fig. 6 appedrs to indicete thdt the source is on during half the

time; in thdt cdse the power input-will be 5 MWt. The reaction of water

with lithium liberdtes 31 kJ/g of lithidm, therefore the propellant flow

r~te could be 161.3 g/s.

The impul~e, calculated ds the time integral of the instantaneous

thrust, is shown in Fig. 7. The impulse oscillates, however, its

~verdge value dppedrs to ~ncrease linearly after the initidl transient:

this indicdtes that the dierdge thrust settled to d constdnt vdlue. The

plot of the average thrust, shown in Fig. 8, co~firms thdt. The large

initidl vdlue of the thrust indicdtes the dead stdrt Capdbilfty.

(Throughout this report 1 ton designates d force of 109 dynes. )



-u-

The corresponding results for the 50-cwdiam propulsion device are

shown in Figs. 9, 10, and Il. In these computations the intensity of

the energy source had the value of 6.93 kJ/cm/s.and the energy

deposition region extended over 11.545 x 103 ems. The pulses of the

instantaneous thrust are reproducible because of the much lower

intensity of the energy deposition. Also the a~ea beLween the negative

loops and the zero thrust line is much smaller. If the energy source is

on during hdlf the time, then the power input would be 40 MWt and the

corresponding lithium flow rate would be 1.29 kg/s.

T!?eresults presented in Figs. 6 through 11 were obt~ined with

exploratory computations that did not include attempts to maximize the

thrust or to minimize the propellant consumption. Therefore they

indicate the full potential of the pulsed hydrojet propulsion.

Nevertheless, the values of the thrust presented in Figs. 8 and 1“

not much below those that are needed to meet the performance req~

discussed in the next section.

We close this section with a conrnent about the energy dep~sit”

do nat

are

rements

on

intensities. A stoichometri~ mixture of water and lithium requires

7/9 cm3 of lithium for each cubic centimeter of water; therefore when

that reaction supplies the energy, spatial energy density may be as high

a~ 12 kJ/cm3 of wdter. Consequently, the energy deposition source

intensities used in our computations do not demdnd unreasonably high

redction rates.

IV. APPLICATIONS—-.—

In this section we Pstifndte the cdpdbilities of underwater

projectiles and vessels propelled with the proposed thrusters and

indi:ate some potential dpplic.dtions. The discussion is neither

complete nor exhaustive, only illustrative.

The employment of sm~ll independently-propelled projectiles (SIPP)

to intercept incoming torpedoes has been mentioned in Sec. 11 and shown

Schemdticdlly in Fig. 2. Aproximdte estimdtes indicate th~t four 10-cm-

diam projectiles and a 5-m by 5-m net c~n be stored inside the 12-in.

torpedo dnd a 10-m by 10-m net inside the 21-in. torpedo. The net would
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be made of l-cm-diam cables spaced 10 cm apart and deployed when the

carrier torpedo is on an intercept trajectory with the incoming torpedo.

Such a torpedo defense concept alleviates the guidance and detonation

timing requirements needed to destroy the attacking torpedo by either

inpac~ or blast imp~lse.

Another promising application of SIPPS (Small Independently Propelled

Projectiles) is as kinetic energy penetrators that contain explosive

charge to attack the inner hull of double-hull vessels. The drag force

acting on a 10-cm-diam projectile with a 30° half-angle conical nose

is shown in Fig. 12; it is calculated with the drag coefficient

applicable in the cavitating flow regime (CD = 0.4 b~sed on the cross-

‘6)). The result indicates that a thrust Of 1 ton willsectional ared

propel the projectile at 80 m/s (160 knots) and that approximately 1.5

ton of thrust is required to attain a speed of 100 m/s (200 knots); the

thrust value shown in Fig. 8 almost meeLs that requirement.

Results of approximate theoretical and experimental investigations

of the deformation and penetration of thin plates by projectile impact

indicate that a speed between 50 m/s and 100 m/s is sufficient to

‘7). In this investigation the projectileachieve penetration

length-to-diameter ratio was between 5 and 10 and the projectile

diameter-to-pldte-thickness ratio was between 4 and 8. Under these

conditions Lhe mode of failure is plu,gging or petdling in which the

plate is shedred or torn rather than eroded as in hypervelocity

impdctso In our proposed duplication the relative projectile and tdrget

chdrdcteristics wIII be the sdme as in the above study (lO-cm-did,

100-cm-long projectile, l-cm to 2-cm thick outer hull pldtes) dnclwe

hdVe confirmed the results of Ref. 7 with numerical Cdlculdtlons.

An ~rr?ngement of smdll projectiles insi the 12-in. torpedo

envelope is shown in rig. 13. An approximately equal number of 15-cm-

dlam, 150-c~long projectiles cdn be dccommoddted inside the 21-in.

torpedo; edch of these would be capable of carrying dpproximdtely 23 kg

(50 lb) of HE in dddition to the propulsion and detonation systems. A

warhead of this type would halvethe advdntage of multiple hits and

penetrations.
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The derivation of estimates for the acceleration time and distance

requires the analysis of the transient nmtion. The equation of nmtion

for a floating or submerged propelled object Is

@=T
dt

- l/2PACDV2 (1)

where M is the mass, v the veloc,~y, T the thrust, p the medium (water)

density, CD the drag coefficient associated ‘+ith a reference area ?,,

end t is time. For the purpose of this rep~rt sufficiently accurate

results will be ODtained with the assumption that the thrust and the

drag coefficie. rm~in constant during the motion. With this

approximation Eq. (1) completely determines tne performance of the

projectile or tiessel. Unfortunately it is a nonlinear differenti~l

equdtion that must be integrated numerically; we will present the

res~its of such integration later.

Presently we derive an analytic approximation using the f~ct that

the dr~g force Is proportional to the squ?re of the velocity, therefore

its average value during the acceler~tion equdls one-third of the value

at the terminal velocity at which the drdg force equals the thrust.

Uith this approximation, Eq. (1) integrates to

‘t
.$tT

where tT is the time required to accelerate to the termindl velocity

vT. Becduse the vdlue of the termindl veloc:ty isI

v. =
I I/*’

the accele~dtion time tT is

The representdtivr vdlues for d Smdll projectile mdy be M = 5 x

104 g (50 k~! T - 109 dyne (1 ton), ~- i g/cm3, A = 78.54 cmz,

(2)

(3)

(4)

co. 0.4, thereforp tT - 0.6 sec. Such trdr,sfent durdtion is
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negl{gibly small on the time scale of underwater operations. The sdme

value of tT may be obtdined using Eq. (2) with Fig. 12; however,

Eq. (4) shows explicitly the dependence of the deceleration time, tT,

on the physic~l chdrdcteristics

The dist~nce needed for the

‘T‘ is 24 m; this dlso is Smdll

of the projectile.

dccelerdtion to the termindl velocity,

reldt.ive to the rdnge for which

lithium propellant could be provided. That range can be as much as 1 km

(1000 m) utilizing only between I ~ dnd 2 L (2CXI0cm3) of stcrdge

volunw for the Iit.hiun!.

He now discuss the effect of thrust.dugmentdtion on Lhe performdcce

of submdrine-size vessels dnd estimdte the patential of hydrojet

thrusters for that application. Results of tne numericdl integrdtio~ of

Eq. (1) for a vessel withM = 6000 ton, CD= 3.5 x 10-3 and AU

(wetted dred) = 3.5 x 107 cm2 are shown in Fig. 14 for the four

vdlues of the thrust, 130, 150, 200 dnd 300 ton. The ddsnefl verticdl

lines indicate the dccelerdtion time obtdined from Eq. (4) for the

cor~esponding values of the thrust. These results show thdt the

dpproximdte Eq. (4) gives ths va:ue of the time required to redch !30~of

the t.ermindl velocity; such dccurdcy is sufficient for the

this report.

Halvingestablished the vdl

it t,odetermine Lhe dependence

dccelerdtion to termindl veloc

mdgnitude of Lhdt speed mdy be

veb~el.

pdrpose of

dily of the dpproximdte dnd ySiS we use

of the dverdge speed during the

ty on the dvdiidb]e thrust. The

used ds d medsure Gf the dgility of the

For d molion illdticedby d col)sl.dnt for~e the dverdge speed, Vd,

equdl~ one hdlf of the findl vdlde; lherefore, from [q. (3)

d
—...—

v
T——.

d- ZJJALD “
(:)

Eqs. (3), (4), dnd (5) inrii~dte Lhdt the performance dnd the dgillt,yof

the ves~el in~r~,]~e~$ the ~qudre root of the thrust. Therefore

SiCJt’IifiCdnt enhdn~enwnl of lhc~c ~hdrdct(’ribti~$ require~ nodrly

doubling of the thrti~t.



The velocities of submarine-size vessels ❑ay range from 10 m/s to 20 m/s

(20-40 knt), therefore the thrusts of their propulsion systems range approximately

from 100 ton to 200 ton as shown in Fig. 14. The flow rate of alkali ❑etal

propellant (lithium) required to provide the average value (150 tons) of thrust

is estimated in the following way. A force of 150 tons moving at an average

velocity of 15 ❑/s dissipates energy at the rate of 22.5 HWt. Postulating

that the conversion efficiency from thermal to propulsion energy is approximately

25%, the thermal power requirement is approximately 100 ?lWt. The reaction of

lithium with water generates 31 kJ per gram of lithium, therefore the required

lithium mass flow is 2.23 kg/ti or 4.46 2/s (the density of lithium is approximately

0.5). Consequently, provision of the additional 150 tons of thrust for 2 min.

will require nearly 75o 2(3.5 55 gal. drums) of lithium. The effect will be

acceleration to nearly 22 m/s (44 knt) in approximately 1 min. (acceleration

distance -660 m) and a dash of 1300 m (1500 yards) at that speed. If the thrust

shown in Fig. 11 can be doubled with an appropriate choice of the operating

parameters, then 10 to 15 50-cm-diameter thrusters would suffice to accomplish

the above-indicated performance enhancement.

As mentioned earlier ttlis discussion does not encompass all possible

applications of the proposed hydrojet thrusters; it is intended to indicate

the potential of these propulsion devices with examples of applications at the

small and the large ends of the size scale. In the range of intermediate sizrs

these devices may bc used to propel beach assulL or river crossing boats (suggcsLcd

by C. Schanlel of NWC). In Lhal appli~iltiotl Lh~ hydrojet thrusters have, ill

addition to compactness and high p(’rformancr. the advi]nt(ig~ of” not ne~ding ir pro-

pcl)rr which iu prone to damage in vrry shallow writer operations. Of coursr,

thrust rcve-rs~l rapal)ility will huvr to h providrcl io mrr~ LIIP mani~uverul)i] ily

rrquircmcnts,



Me believe that the innovations inherent {n our approach and

outlined in this report will circumvent the difficulties that were the

stumbling blocks in the Previous attempts to develop similar concepts.

The innovations are in the realization, analysis, engineering, and

applications of the hydrojet concept.

We have carried out exploratory numericdl calculations and obtained

results that confirm the ~nticipated potenti~l of the hydrojet

propulsion. The computations include estimates of the performance

requirements that the proposed concept must meet to merit the

development.

Of course, the ultimdte VdliddtiOfI of the practicality and of the

performance Chdrdcteristics of most devices can be accomplished only

with dn experiment~l progr~m, therefore future ~ctivities should be

directed towdrd determination and specification 01 the relevant

experiments. These efforts should encompass the following tdsks:

1. Modifications of the hydrodynamic codes to better model the

relevant physical phenomenal;

2. Determindtion~ of significant pdrameter~ and parametric trends;

3. Modeling and study of the propellant-water redction rdtes;

4. Incorporation of the chemical redction models into the

hydrodynamic codes;

5. Engineering studies of sy’,temconfigurations, applic~tion’,, ml

effectiveness.
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